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Dajana Radujković1, Erik Verbruggen1, Bjarni D. Sigurdsson2,
Niki I. W. Leblans1,2, Ivan A. Janssens1, Sara Vicca1 and James T. Weedon1,3,∗,†
1Plants and Ecosystems, Department of Biology, University of Antwerp, Universiteitsplein 1, Wilrijk 2610,
Belgium, 2Faculty of Environmental Sciences, Agricultural University of Iceland, Hvanneyr IS - 311 Borgarnes,
Iceland and 3Department of Ecological Science, Vrije Universiteit Amsterdam, De Boelelaan 1085, 1081 HV
Amsterdam, The Netherlands
∗Corresponding author: Department of Ecological Science, Vrije Universiteit Amsterdam, De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands.
Tel: +31205984325; E-mail: j.t.weedon@vu.nl
One sentence summary: A unique geothermal warming gradient on Iceland reveals that long-term effects of soil warming on microbial community
composition may be overestimated by short-term studies.
Editor: Ian Anderson
†James T. Weedon, http://orcid.org/0000-0003-0491-8719
ABSTRACT
Global change is expected to affect soil microbial communities through their responsiveness to temperature. It has been
proposed that prolonged exposure to elevated temperatures may lead to progressively larger effects on soil microbial
community composition. However, due to the relatively short-term nature of most warming experiments, this idea has
been challenging to evaluate. The present study took the advantage of natural geothermal gradients (from +1◦C to +19◦C
above ambient) in two subarctic grasslands to test the hypothesis that long-term exposure (>50 years) intensifies the effect
of warming on microbial community composition compared to short-term exposure (5–7 years). Community profiles from
amplicon sequencing of bacterial and fungal rRNA genes did not support this hypothesis: significant changes relative to
ambient were observed only starting from the warming intensity of +9◦C in the long term and +7◦C/+3◦C in the short term,
for bacteria and fungi, respectively. Our results suggest that microbial communities in high-latitude grasslands will not
undergo lasting shifts in community composition under the warming predicted for the coming 100 years (+2.2◦C to +8.3◦C).
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INTRODUCTION
Given the recent concern regarding the stability of ecolog-
ical systems under a changing climate, there have been
numerous studies investigating the effects of warming on
microbial community composition (Zogg et al. 1997; Zhang et al.
2005; Weedon et al. 2012; Karhu et al. 2014; Luo et al. 2014;
Rui et al. 2015; Xu et al. 2015). However, a general conclu-
sion as to how soil microbial community composition will be
affected by global warming remains elusive. In some studies,
short-term warming of approximately 1–2 years induced sig-
nificant shifts in soil microbial community composition (Xiong
et al. 2014; Zhang et al. 2016), while others did not find a sig-
nificant change after substantially longer (4–9 years) warming
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treatments (Allison, McGuire and Treseder 2010; Schindlbacher
et al. 2011;Weedon et al. 2017). Rinnan et al. (2007) concluded that
more than a decade of warming (+1.2 to +2◦C) was needed to
detect significant changes inmicrobial communities in amanip-
ulation experiment in sub-arctic heathlands. Similarly, DeAn-
gelis et al. (2015) reported that microbial community composi-
tion in a temperate forest was affected by a +5◦C temperature
increase only after 20 years of experimental warming. Warm-
ing can affect microbial community composition both directly,
since microbial physiological activity and growth are temper-
ature sensitive (Ratkowsky et al. 1982), or indirectly: through
changes in plant communities and soil properties (Xiong et al.
2016). The microbial community responses to warming may
therefore be delayed despite the fact that microorganisms typ-
ically have capacity for fast responses to the environmental
changes (Shade et al. 2012) because the indirect effects of warm-
ing (e.g. the change in quality/quantity of substrate utilized by
microbes (Rinnan et al. 2007)) might take a longer time to af-
fect microbial community composition. It has therefore been
proposed that long-term warming experiments (on the scale of
decades, rather than years) might be needed to detect the con-
sequent changes in microbial community composition (Rinnan
et al. 2007; Contosta, Frey and Cooper 2015; DeAngelis et al. 2015;
Melillo et al. 2017; Romero-Olivares, Allison and Treseder 2017). It
can be assumed that the effect ofwarming onmicrobial commu-
nities over time would also depend on the magnitude of warm-
ing given that direct effect of warming on microbial communi-
ties should be stronger and indirect effects should occur faster
with increasing warming intensity.
Few studies have directly compared the effects of short-term
(in this study defined as a period shorther than 10 years which
coresponds to the typical exposure period in most manipulative
warming studies) and long-termwarming (longer than a decade)
on soil microbial community composition. Such a comparison
is important to assess whether the change in microbial com-
munity composition lags behind the change in climate (Blonder,
Moulton and Blois 2017), and to what extent community compo-
sitional responses observed in short-term experiments can be
extrapolated to longer time scales (Rustad 2001; De Boeck et al.
2015; Romero-Olivares, Allison and Treseder 2017). The present
study tests the hypothesis that long-term exposure (of several
decades) intensifies the impact of warming on microbial com-
munity composition so that a detectable change occurs at lower
warming intensities compared to short-term exposure (Fig. 1). If
this is the case, the results observed over short timescales would
potentially underestimate the extent of microbial community
changes over the long term.
To test this hypothesis, we took advantage of a ‘natural
laboratory’ afforded by a geothermal system in south-western
Iceland that contains gradients in soil temperature of vary-
ing age (Sigurdsson et al. 2016). Geothermal gradients provide
a wide range of soil temperatures while avoiding the prob-
lems of both small-scale manipulative experiments, which are
limited to a small number of temperature treatments, and
large-scale latitudinal/altitudinal studies, which often involve
difficulties in disentangling the effects of biogeography and
temperature (O’Gorman et al. 2014). Given that the geother-
mal gradients are contained within a relatively small area,
the variation in different environmental factors is less pro-
nounced than in comparable large-scale gradient studies, al-
lowing the effects of temperature (both direct and indirect) to
be isolated, while at the same time retaining the complex-
ity of the natural system (Woodward et al. 2010; O’Gorman
et al. 2014).
Figure 1. Conceptual figure showing the change in dissimilarity of microbial
community composition with increasing warming intensities for long-term
warming (blue line) and short-term warming (red line). Microbial communities
exposed to increasing temperature elevations are expected to become increas-
ingly different from the ambient communities. However, natural and sampling
variation, as well as a possible delay in the response of the soil environment
(substrate, vegetation) are expected to dampen this effect in the short-term
and detectable effects of warming (where the community composition change
surpasses the variation within ambient communities) are expected to occur at
higher warming intensities than after a long period of warming where the soil
environment is already significantly altered. At very high-temperature eleva-
tions, the curves for the short- and long-term response are expected to converge,
given that severe warming should produce fast responses. This model assumes
the linear initial increase in dissimilarity between communities at increasing
temperatures; however, similar logic is applicable to other types of response
curves (e.g. exponential and sigmoidal).
MATERIALS AND METHODS
Site description and soil sampling
The study was conducted at the ForHot research sites (Sigurds-
son et al. 2016) close to the town of Hverageri (64◦00′01′′N,
21◦11′09′′W, 83–168 m a.s.l.) in south-western Iceland. The
sites represent unmanaged grasslands dominated by the grass
Agrostis capillaris L. We studied grasslands in two valleys with
two distinct geothermal systems; one has been geothermally
heated for more than 50 years, (hereafter ‘long-term warmed
grassland’ or LWG), the other has been exposed to warming
since an earthquake on the 29th May 2008 (hereafter ‘short-
termwarmed grassland’ or SWG). After the earthquake, the loca-
tions of the LWG and SWG systems were mapped and, although
geothermal manifestations in the LWG area were partly altered,
the geothermal activity in the part of the LWG region where
our study took place was not affected (Þorbjörnsson et al. 2009).
Geothermal activity in the area around LWGhasmost likely been
persistent for several centuries, but the presence of multiple
geothermal clay layers in soil profiles at the LWG site indicate
that warming may have fluctuated somewhat in the past cen-
turies. At both sites, the geothermal systems have resulted in
gradients of soil temperature ranging from ambient (mean an-
nual soil temperature of ≈5.1◦C), to approximately 20◦C above
ambient (at a soil depth of 10 cm) over a distance of 50–100 m
(see Sigurdsson et al. (2016) for more details on the temperature
gradients).
The main soil characteristics of the two grasslands at ambi-
ent temperatures were comparable: soil type of both is Silandic
Andosol; soil texture is silt loam; soil pH: 5.6 and 5.7; bulk den-
sity: 70 g/cm3 and 55 g/cm3 in SWG and LWG, respectively. How-
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the gradients in SWG, while in LWG, changes in pH were not
correlated with a temperature increase (Sigurdsson et al. 2016;
Fig. S1, Supporting Information).
In both grasslands, five replicate transects were established
in autumn 2012. Each transect consists of six permanent plots
(2m × 2m) located to span a range of different warming intensi-
ties (expressed relative to ambient soil temperatures in portions
of the site unaffected by geothermal warming): A ≈ + 0◦C (am-
bient), B ≈ + 1◦C, C ≈ + 3◦C, D ≈ + 5◦C, E ≈ + 10◦C and F ≈ +
20◦C. This system of plots was created in an attempt to make a
comparable replicatedwarming gradientwithmatching temper-
ature elevations in the two grasslands. However, because only
instantaneous temperature was known when the plots were es-
tablished, themean annual temperature deviated somewhat be-
tween matched plots across transects over longer time periods.
Therefore, we re-classified the replicated plots based on their re-
alized temperature differences. The range of warming in each of
these newgroups (based onhourlymeasurements averaged over
the period from May 2013 to May 2015 (Sigurdsson et al. 2016))
was as follows: W0 = 0 to +1◦C (n = 11/10), Wlow = +2 to + 3◦C (n
= 5/4), Wmed = +3 to +5◦C (n = 4/6), Whigh = +6 to +9◦C (in LWG;
n = 5) and Whigh ′ = +7 to +11◦C (in SWG; n = 5), Wextr = +15 to
+19◦C (n =5/5 for LWG and SWG, respectively). There is thus a
slight difference between the grasslands in that LWG is slightly
less warmed than SWG forWhigh plots, whereas for other groups
the two grasslands span the same range of warming intensi-
ties. This grouping was chosen in order to reflect the original
experimental design as closely as possible, but we additionally
confirmed the robustness of themain results using temperature
groups determined empirically using K-means of the realized
temperatures (Table S6 and Fig. S5, Supporting Information).
Soil samples were collected from all 60 plots in May 2013
for fungi and in August 2015 for bacteria, from 5 to 10 cm soil
depth, using a corer (2.5 cm diameter). The fungal samples were
collected and analyzed in the framework of a study examining
warming effects on SOM dynamics; the bacterial samples were
collected as baseline measurements for an on-going multiyear
fertilization experiment. Sampling protocols were identical on
both sampling occasions. Soil samples were homogenized and
stored at −20◦C prior to further analyses.
Library preparation and sequencing
DNA was extracted from approx. 0.25 g of soil using the Power-
Soil DNA Isolation Kit according to the manufacturer’s protocol
(MoBio, Carlsbad, CA, USA). For bacterial analyses, the V3 region
of the 16S rRNA gene was amplified using modified 341F and
518R primers (Bartram et al. 2011) with unique 6bp indices on the
reverse primers. Each 25 μl reaction contained 1.5 μl of the sam-
ple, 1 μl each of forward and reverse primers (10 μM) and 12.5 μl
of Phusion High-Fidelity PCR Master Mix with HF Buffer (Ther-
moFisher Scientific, Waltham, MA, USA). PCR conditions were
as follows: initial denaturation step at 98◦C for 1 min, followed
by 25 cycles of: 98◦C for 10 s, 50◦C for 30 s and 72◦C for 30 s,
finishing with the extension step at 72◦C for 4 min. For fungal
analyses, the ITS1 fungal regionwas amplified using the primers
ITS1f and ITS2 augmented with multiplexing barcodes (Smith
and Peay 2014). Each 25 μl reaction contained 1 μl of sample,
1 μl of forward primer (5 μM) and 12.5 μl Phusion High-Fidelity
PCR Master Mix. PCR conditions were as follows: initial step at
98◦C for 30 s, 30 cycles of: 98◦C for 30 s, 55◦C for 30 s, 72◦C for
30 s, and final step of 72◦C for 10 min.
Samples that failed to produce PCR product were subject to
repeated soil extraction and PCR. However, seven samples for
bacteria (1 from W0 and Wmed, 2 from Whigh and Wextr in LWG;
1 from Whigh in SWG) and six samples for fungi (1 from Whigh,
2 from Wextr, in LWG, 3 from Whigh in SWG) still failed to pro-
duce usable PCR and these were excluded from further analy-
ses. Successful amplification products were purified using the
AmpureXP method (Beckman Coulter, Brea, CA, USA) and nor-
malized to equimolar concentrations before pooling into a sin-
gle library, for fungi and bacteria separately. Gel extraction of the
pooled library was performed for size selection and additional
purification using QIAquick Gel Extraction Kit (Qiagen, Venlo,
the Netherlands). Libraries were quantified with real-time PCR
(KAPA Library Quantification Kits, Kapa Biosystems, Wilming-
ton, MA, USA).
The libraries were sequenced on the Illumina MiSeq plat-
form (Illumina Inc; San Diego, CA, USA) with 150 cycles for for-
ward and reverse reads for bacteria and 300 cycles (forward read
only) for fungi. The reproducibility of sample preparation and
sequencing was tested by sequencing a small number of techni-
cal replicates (Fig. S2, Supporting Information).
Quality filtering and bioinformatics analysis
The first part of bioinformatics analysis on bacterial sequences
was performed using the USEARCH software (Edgar 2013). Af-
ter merging paired end reads and removing primer sequences,
the reads were quality filtered (maximum expected error 0.05)
leaving a total of 6.4 M high-quality sequences. Following sin-
gleton removal a set of OTU representative sequences (97% sim-
ilarity) was constructed using the UPARSE-OTU algorithm (Edgar
2013). After chimera removal, all original reads were mapped
to the non-chimeric OTUs with the identity threshold of 0.97,
yielding an OTU table with a total of 13 620 OTUs (mean num-
ber of OTUs per warming level is shown in Table S1, Supporting
Information). OTUs were aligned to the Green Genes February
2011 database (DeSantis et al. 2006) using the PyNAST algorithm
(Caporaso et al. 2010). The number of reads per sample was then
rarefied to 7000. This rarefaction depth included all but two sam-
ples (from W0 and Whigh group in LWG) that had a substanta-
illy lower amount of sequences than other samples. Taxonomic
identity of each OTU was identified based on the 97% Green
Genes database (release 13 8) using the RDP classifier (Wang et al.
2007).
Fungal sequences were analyzed using the USEARCH soft-
ware following the UPARSE pipeline (Edgar 2013). After trimming
to 200 bp, the sequences were quality filtered (maximum ex-
pected error 0.01), leaving a total of 4.15 M sequences. The re-
verse primers were removed, and when resulting sequence was
shorter than 200 bp N’s were added to the end of the sequence
to ensure that all sequences have the same length for effec-
tive clustering of OTUs as suggested by Edgar (2013). Singleton
sequences were removed and all others were clustered to 97%
similarity. Chimeras were filtered de novo as well as through the
UNITE database of ITS1 sequences as implemented in UCHIME.
Representative sequences for each OTU were aligned to all fun-
gal representative species in the UNITE database (Kõljalg et al.
2005)(release date 01.08.2015), using the BLAST algorithm with
default settings and assembled in an OTU table with the total
of 1460 OTUs (Table S1, Supporting Information). The resulting
hits were assigned to taxa by selecting hits with the lowest E-
value and a minimum alignment length of 75 bp. OTUs were
classified to taxonomic levels depending on identity percentages
with UNITE taxa as in Tedersoo et al. (2014). OTUs were subse-
quently assigned to functional groups (filamentous saprotrophs,
yeasts, white rot saprotrophs, arbuscular mycorrhizal fungi,
ectomycorrhizal fungi, plant pathogens, animal pathogens, my-
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Table 1. The results of pairwise PERMANOVA analyses between the communities from ambient soil temperatures and the communities from
increased soil temperatures, in the long-term warmed (LWG) and the short-term warmed (SWG) grassland.
Pairs N F model R2 P adj.
LWG bacteria W0–Wlow 9–5 1.012 0.078 1
W0–Wmed 9–3 0.833 0.077 1
W0–Whigh 9–2 1.034 0.103 1
W0–Wextr 9–3 4.596 0.315 0.020
LWG fungi W0–Wlow 11–5 1.024 0.068 1
W0–Wmed 11–4 1.379 0.096 0.212
W0–Whigh 11–4 1.383 0.096 0.144
W0–Wextr 11–3 2.502 0.173 0.008
SWG bacteria W0–Wlow 10–4 1.279 0.096 0.588
W0–Wmed 10–6 1.915 0.120 0.088
W0–Whigh ′ 10–4 2.438 0.169 0.008
W0–Wextr 10–5 4.945 0.276 0.008
SWG fungi W0–Wlow 10–4 1.535 0.113 0.072
W0–Wmed 10–6 1.845 0.116 0.020
W0–Whigh ′ 10–5 2.948 0.185 0.004
W0–Wextr 10–2 2.340 0.190 0.060
Warming levels: W0 – ambient (+0◦C to +1C◦), Wlow (+2◦C to +3◦C), Wmed (+3◦C to +5◦C), Whigh (+6◦C to +9◦C), Whigh ′ (+7◦C to +11◦C), Wextr (+15◦C to +19◦C).
Significant results are indicated in bold.
of the genera with known lifestyles in Tedersoo et al. (2014).
In the cases when genus level was unknown, lifestyle was as-
signed at family level if more than 80% of genera within that
family (represented by more than three genera) belonged to
the same lifestyle. All original sequences were mapped against
these OTUs with a similarity threshold of 97% and assembled in
an OTU table. The number of reads per sample was then rarefied
to the minimum number of reads of 5274.
Statistical analyses
Nonmetric multidimensional scaling (NMDS) was performed
to visualize the overall differences in microbial community
composition. The differences between microbial communities
from the soil exposed to different warming levels (Wlow, Wmed,
Whigh/Whigh ′, Wextr) and the unwarmed soil (W0) were evaluated
using pair-wise PERMANOVA analysis (Anderson 2001). Bonfer-
roni corrections were applied to adjust P values for multiple
testing. The correlation between soil temperature/pH and mi-
crobial community dissimilarities was quantified using a (par-
tial) Mantel test. Constrained Analysis of Principal (CAP) Coor-
dinates was used to examine and visualize the effect of soil
temperature and pH on microbial community composition. All
multivariate analyses were based on Bray–Curtis distances to al-
low comparability between bacterial and fungal datasets, but
the results were robust to the choice of distance metric (data
not shown). For all statistical tests, OTU abundances were log
transformed.
The change in the relative abundance of dominant bacterial
high-level taxa/fungal functional groups (defined as those mak-
ing up more than 2% of the total number of reads) at different
warming levels was tested using ANOVA (followed by posthoc
Tukey tests in the cases of significant results). When necessary,
the datawere transformedwith log or Box–Cox transformations.
P values were in all cases adjusted for multiple testing using
Bonferroni correction.
All statistical analyses were conducted using R statistical
software (R Core Team 2015) using base packages and vegan
(Oksanen et al. 2015).
RESULTS
Overall community composition along warming
gradients
In LWG, bacterial community composition was significantly af-
fected only by the highest temperature elevations Wextr (+15◦C
to +19◦C) (Table 1, Fig. 2a and c). It should be noted that group
Whigh (+6◦C to+ 9◦C) had only two observations and the compar-
ison with this group has a higher uncertainty (Table 1). In SWG,
bacterial communities from Whigh ′ (+7◦C to +11◦C) and Wextr
(+15◦C to +19◦C) differed significantly from the ambient group
(R2 = 10%, P < 0.01 and R2 = 17%, P < 0.01, respectively), while
the communities at lower temperature elevations were not sig-
nificantly different to those from ambient soils (Table 1, Fig. 2b
and c).
For fungal communities in the LWG, significant changeswere
also found only for the Wextr (Table 1, Fig. 2d and f). In SWG,
fungal communities were significantly affected by warming lev-
els Wmed (+3◦C to +5◦C) and Whigh ′ (+7◦C to +11◦C) (R2 = 12%,
P = 0.02 and R2 = 19%, P = 0.004; respectively), while the dif-
ference for Wlow (+1◦C to +3◦C) and Wextr (+15◦C to +19◦C) was
near significant (R2 = 11%, P = 0.07 and R2 = 19%, P = 0.06; re-
spectively) (Table 1, Fig. 2e and f). The absence of a significant
effect in the latter likely results from low statistical power due
to small sample size (n = 2), especially considering that the ef-
fect size was relatively high and that they were clearly sepa-
rated from the ambient communities based onNMDS ordination
(Fig. 2e).
A Mantel test indicated that community dissimilarities be-
tween different samples were significantly related to the dif-
ferences in soil temperatures both in LWG and SWG (Table
2). Variation in soil pH was significantly related to the differ-
ences in community composition in SWG but not in LWG (Ta-
ble 2). However, when the highest temperatures fromWextr (that
contributed disproportionally to the observed temperature ef-
fect) were excluded from the analysis, the effect of tempera-
ture was non-significant in LWG (P > 0.05), while the effect of
pH was significant (RM = 0.37, P < 0.01, both for bacteria and
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Figure 2. Top: NMDS ordination plots for: bacterial community composition in (a) the long-term warmed grassland (LWG) and (b) the short-term warmed grassland
(SWG); and fungal community composition in (d) LWG and (e) SWG. Points (samples) and the corresponding polygons are colored according to warming levels W[0 –
ambient (+0◦C to +1C◦), low (+2◦C to +3◦C), med (+3◦C to + 5◦C), high (+6◦C to +9◦C), high′ (+7◦C to +11◦C), extr (+15◦C to +19◦C)]. Isolines represent fitted smooth
surface of different warming intensities. Based on a generalized additive model, there was a significant relationship (P < 0.001) between the ordination axes in NMDS
and soil temperature: in LWG R2 = 86% and R2 = 88%, for bacteria and fungi, respectively, and in SWG R2 = 84%, R2 = 83%, for bacteria and fungi, respectively. Bottom:
Mean distances (based on BC dissimilarity) between the communities from each sample and the ambient communities along the temperature gradient for (c) bacterial
communities and (f) fungal communities in LWG and SWG. The lines represent smoothing splines (third-order polynomial model). Dashed line = LWG, full line = SWG.
Shaded area represents 95% confidence intervals of the fitted lines calculated using the predict method.
communities remained significantly correlated with variation
in both pH (RM = 0.37) and temperature (RM = 0.36 and RM =
0.37, for bacteria and fungi, respectively). When controlling for
the effect of pH (using a partial Mantel test), the effect of tem-
perature in SWG remained significant (Table 2) and the Mantel
correlation coefficients decreased only slightly (RM = 0.30 and
RM = 0.29 for bacteria and fungi, respectively) suggesting that
the relationship between temperature increase and changes in
microbial communities was largely independent of the vari-
ation in pH. CAP analysis demonstrated that variation in pH
was related to the variation in microbial community compo-
sition mostly within the same warming levels (i.e. the tem-
perature and pH vectors are almost completely orthogonal),
but some degree of correlation between the pH and tempera-
ture effects could still be observed in SWG (Fig. S3, Supporting
Information).
Microbial taxa/functional-groups along warming
gradients
The most abundant bacterial phyla in both LWG and SWG
were Proteobacteria (Alphaproteobacteria 13%/15% of the
reads; Betaproteobacteria 8%/5%; Deltaproteobacteria 6%/6%;
Gammaproteobacteria 2%/2%), Acidobacteria (25%/18%), Ac-
tionobacteria (11%/21%) and Chloroflexi (6%/6%) in LWG and
SWG, respectively. The list of all bacterial phyla with their
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Table 2. The relationship between microbial composition dissimilarities and dissimilarities in soil properties: soil temperature and soil pH in
the long-term warmed (LWG) and the short-term warmed (SWG) grassland; based on a Mantel/Partial Mantel test.
Soil T Soil pH Soil Ta Soil pHa Soil Ta
(controlled for pH)
P R P R P R P R P R
LWG bacteria 0.003 0.70 0.170 0.17 0.793 −0.13 0.002 0.63 – –
SWG bacteria 0.001 0.60 0.001 0.46 0.001 0.36 0.001 0.37 0.008 0.30
LWG fungi 0.001 0.54 0.120 0.18 0.060 0.20 0.010 0.37 – –
SWG fungi 0.001 0.42 0.001 0.33 0.002 0.37 0.003 0.37 0.005 0.29
aWextr excluded. Significant results are indicated in bold.
Significant results are indicated in bold.
Filamentous saprotrophswere by far themost dominant fun-
gal functional group (66% and 62% in LWG and SWG, respec-
tively), followed by arbuscular mycorrhizal (AM) fungi (6% and
5%) and yeasts (2% and 7%). Other functional groups accounted
for less than 2% of total number of sequences (Table S3, Support-
ing Information).
Therewas one dominant bacterial high-level taxon (compris-
ing more than 2% of all sequences) that differed significantly
among different warming levels in LWG (Betaproteobacteria)
and there were three in SWG (Betaprotobacteria, Bacteroidetes
and Chloroflexi) (Table S4, Supporting Information). A post hoc
test (Table S5, Supporting Information) showed that in LWG,
the relative abundance of Betaproteobacteria significantly de-
creased only at Wextr (P = 0.01) compared to the ambient (Fig. 3).
In SWG, the relative abundance of Betaproteobacteria and Bac-
teroidetes was significantly decreased at Whigh ′ and Wextr (P <
0.001), while the relative abundance of Chloroflexi was signifi-
cantly increased at Wextr (P < 0.001) compared to the ambient.
For fungal communities, a significant increase in the relative
abundance of AM fungi compared to the ambient was found for
the warming level Wextr (P < 0.001) in LWG and for warming lev-
els Whigh ′ and Wextr (P < 0.05) in SWG. The relative abundance
of filamentous saprotrophs decreased significantly at Wextr (P <
0.001) in LWG and at Whigh ′ and Wextr (P = 0.01 and P < 0.001,
respectively) in SWG (Fig. 3). The third dominant group (yeasts)
did not show a prominent pattern along the warming gradient
(Table S4, Supporting Information).
DISCUSSION
Long-term versus short-term effects of warming
Community profiles from amplicon sequencing of bacterial and
fungal rRNA genes showed that significant changes in commu-
nity composition relative to ambient were only observed above
+9◦C in the long-term and at +7◦C to +11◦C/+3◦C to +5◦C in the
short-term for bacteria and fungi, respectively (Fig. 2). Collec-
tively, these results do not support our hypothesis that long-
term exposure intensifies microbial community responses to
warming since there was no evidence that detectable changes
relative to ambient communities occurred at lower warming in-
tensities in LWG than in SWG. It is therefore unlikely that the ex-
tent of changes in microbial community composition observed
in short-term warming experiments (5–7 years) in high-latitude
grasslands would be underestimated in the long-term. On the
other hand, against our expectations, our data suggested that
changes in microbial community composition occurred at lower
warming intensities in SWG compared to LWG (Fig. 2c and f).
While this pattern cannot be unequivocally asserted for bacte-
ria (due to the slightly lower warming range in LWG (+6◦C to +
9◦C) than in SWG (+7◦C to +11◦C), and the fact that there was a
substantial gap in data within this warming range), fungal com-
munities differed more clearly in their warming responses be-
tween the two grasslands (Fig. 2f).
We propose the following potential explanations for the ob-
served patterns: (i) after an initial shift in response to warming,
microbial communities reverted toward their pre-disturbance
composition over the years, except at very high temperatures,
where a new (stable) state was established; (ii) the inconsisten-
cies between warming effects in the two grasslands may be a
consequence of site-specific effects.
The proposition that microbial community shifts could be
transient after a long period of warming contradicts many stud-
ies that reported that the effects of warming were detected even
after many years (up to 20) of continuous exposure (Allison and
Martiny 2008; Frey et al. 2008; Deslippe et al. 2012; Luo et al. 2014;
DeAngelis et al. 2015, Melillo et al. 2017). However, none of these
studies examined a warming period as long as the one found in
LWG (more than 50 years, possibly several centuries). It is pos-
sible that the warming had initially altered some components
of the soil ecosystem (e.g. the availability of nutrients, C quality,
abundance of predators, plant exudation patterns, plant compo-
sition and root density), which then led to a substantial change
in soil microbial community composition. However, if shifts
in these intermediate drivers were transient over longer time
scales (e.g. predator or plant communities re-established due
to the colonization of warmed areas by more tolerant species
with similar ecological functions),microbial community compo-
sition may have changed back toward the original state accord-
ingly. In line with this, at the ForHot site, it has been observed
that while warming did not substantially affect the abundance
of dominant plant species in either of grasslands (except at the
highest warming intensities which caused a strong decrease in
plant abundance), short-term warming induced the disappear-
ance of certain herbaceous species along the gradient (Leblans;
pers.comm.). Similarly, it has been observed that collembola and
nematode communities were affected more strongly by short-
term than long-term warming (Holmstrup et al. subm., Ilieva-
Makulec; pers. comm.). Moreover, soil pH was slightly but sig-
nificantly increased along the gradients in SWG, but not in the
LGW (Fig. S1, Supporting Information). The change in soil pH
in SWG might be related to changes in root biomass or exuda-
tion patterns along the warming gradient, or they might be a
consequence of changes in plant community composition along
the gradient in SWG (Sigurdsson et al. 2016) since leaf litter pH
can vary substantially between different plant species possi-
bly influencing soil biogeochemical properties (Cornelissen et al.
2006). The increase in soil pH along the warming gradient might
have contributed to the observed differences between microbial
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Figure 3. The change in the relative abundance (percentage of the total amount of sequences in a sample) of Betaproteobacteria and fungal functional groups (AM
fungi and filamentous saprotrophs) in the long-term warmed grassland (LWG; left) and the short-term warmed grassland (SWG; right). Only the microbial groups that
differed significantly between different warming levels in both grasslands are shown. Warming levels: W [0 – ambient (+0◦C to +1C◦), 1 low (+2◦C to +3◦C), 2 med
(+3◦C to +5◦C), 3 high (+6◦C to +9◦C), 3 high′ (+7◦C to +11◦C), 4 extr (+15◦C to +19◦C)]. Red box plots indicate warming levels where the relative abundance of a given
microbial group was significantly different from the relative abundance at ambient soil temperature based on the Tukey test.
effects of temperature and pH were somewhat correlated (Figs
S1 and S3, Supporting Information). The lack of microbial com-
munity response to warming in LWG (except at the highest tem-
peratures) may then be explained by the fact that the pH in this
grassland did not increase consistently with increasing temper-
ature (Fig. S1, Supporting Information), possibly due to the lack
of consistent changes in vegetation along the warming gradient
(Leblans; pers.comm.).
It is thus possible that direct effects of elevated soil tem-
peratures are not the single most important factors structur-
ing microbial communities, but rather that a number of other
warming-induced changes in biotic and/or abiotic environmen-
tal factors may play a substantial role. Indeed, a growing body of
evidence supports the assumption that certain factors that are
typically influenced by warming, such as substrate quality (Rin-
nan et al. 2007; Conant et al. 2011), nutrient availability (Koyama
et al. 2014), plant productivity or diversity (Zak et al. 2003; Zhang
et al. 2005; Rinnan et al. 2007) or abundance and activity of other
foodwebmembers such as nematodes (Ruess et al. 1999) oribatid
mites (Maraun, Visser and Scheu 1998) and collembola (Tiunov
and Scheu 2005), have an important impact on soil microbial
communities.
Indeed, it has been observed previously that the indirect
effects of warming on microbial community composition (via
warming-induced changes in plant communities and soil prop-
erties) can be stronger than the direct effects (Xiong et al. 2016).
It has recently been suggested that microbial community com-
position in soils exposed to warming can undergo multiple
multi-year phases driven by complex fluctuations in environ-
mental drivers such as soil carbon quality (Melillo et al. 2017). If
these were to operate in the system presented here this could
imply that communities in the long-term warmed grassland
might have not yet reached a ‘stable state’. Future study should
thus focus on disentangling the direct and indirect effects of
warming to clarify the underlying mechanisms that shape mi-
crobial community composition under increased temperatures
over time.
When considering the apparent differences in microbial
community responses between LWG and SWG, it should be
emphasized that our study did not follow one single system
through time, but two different systems with different exposure
periods to warming. Even though the grasslands are comparable
in many aspects, the microbial communities at ambient tem-
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communities in SWG (Fig. S4, Supporting Information), which is
not surprising given that microbial communities can vary sub-
stantially in space due to the small-scale variations in differ-
ent environmental factors. It is theoretically possible that these
different microbial communities (or their site-specific drivers)
respond differently to the same temperature elevation, in which
case this could preclude attributing the observed differences be-
tween them to warming period per se. However, it is unclear
which biological mechanism should produce this spatial vari-
ation in temperature-response, especially given the high degree
of similarity between the sites with regard to soil, climate and
vegetation (Sigurdsson et al. 2016).
The response of high-level microbial groups to
warming
In general, the responses of individual bacterial OTUs were not
consistent within higher taxonomic classifications since few
high-level taxonomic groups showed a significant trend along
the temperature gradient (Table S4, Supporting Information).
Therefore, the changes in bacterial community composition
with warming were probably a result of shifts at lower taxo-
nomic levels. However, the decrease in relative abundance of
members of the Betaproteobacteria subphylum corresponded to
the pattern in overall bacterial community composition along
the gradient in both grasslands (Figs 2c and 3). This implies
that the observed patterns in bacterial community composition
may, to a certain extent, be explained by the decrease in abun-
dance of Betaproteobacteria. Several other studies have reported
a consistent response to environmental drivers, including tem-
perature elevation, for Betaproteobacteria (Fierer, Bradford and
Jackson 2007; Rui et al. 2015; Zhang et al. 2016) indicating
that members of this group may largely share environmental
requirements.
For soil fungi, the significant changes in abundance of fila-
mentous saprotrophs and AM fungi roughly coincide with the
changes in overall fungal community composition along the two
gradients (Figs 2f and 3). Since filamentous saprotrophs and AM
fungi together represent themajority of the total amount of fun-
gal sequences found in the soil samples (72% and 67% for LWT
and SWT, respectively), it can be concluded the changes in over-
all fungal community composition are largely the consequence
of changes in these two groups along the gradient. These re-
sults suggest that warming may induce shifts from free-living
saprotrophs toward AM fungi that could alter some ecosystem
functions, such as soil carbons storage (Treseder and Lennon
2015). It has been demonstrated thatwinter warming can induce
a disproportional increase in carbon provisioned by plants to
AM compared to other fungi (Birgander, Rousk and Olsson 2017),
which could possibly explain the increase in relative abundance
of AM fungi during spring. Some studies also reported decrease
in relative abundance of AM fungi under experimental warming
(Rudgers et al. 2014), while others reported no effect of temper-
ature increase on this functional group (Heinemeyer et al. 2004).
Sensitivity of microbial communities to climate
warming
Our results provide insights into the sensitivity of soil micro-
bial community composition under predicted climate warming
in high-latitude systems (+2.2◦C to+8.3◦C, by the end of the cen-
tury (IPCC 2013)) while taking into account different exposure
periods and warming intensities. We argue that low-intensity
warming, at levels typically applied in static warming experi-
ments (between +1◦C and +5◦C), is not likely to significantly
alter bacterial and fungal community composition in this sub-
arctic grassland system over the long term. In the short-term,
fungi were affected already by warming intensities of +3◦C, sug-
gesting that future temperature increases may transiently alter
fungal community composition. This differential response be-
tween fungi and bacteria could potentially be interpreted as
reflecting differing temperature sensitivities and/or recovery
times of the respective communities; however given that fun-
gal communities were sampled in spring, it is possible that
the earlier onset of the growing season observed in warmed
plots (Leblans et al. 2017) affected fungi at this time of the year
more strongly than bacteria that were sampled later in summer.
Further research, including sampling at different seasons, is
needed to better understand the interactions between warming
effects and the effects of seasonality on microbial community
composition.
The lack of consistent conclusions regarding the sensi-
tivity of soil microbial communities to warming in different
studies could arise both from ecosystem dependency (Alli-
son and Martiny 2008; Pold and DeAngelis 2013; Cregger et al.
2014; Weedon et al. 2017) and inconsistencies in methodolog-
ical approaches. This study is unique in that it focuses on
the effect of warming on both fungal and bacterial commu-
nities along temperature gradients, unlike most other stud-
ies that use single-temperature manipulation treatments and
are thus not able to evaluate the effect of different warming
magnitudes (Thompson et al. 2013). Given that high-latitude
systems will potentially be subject to a higher intensity of
warming than most other regions (Serreze et al. 2000; Mac-
Donald 2010; IPCC 2013), it is particularly important to get
a better mechanistic understanding of the effect of differ-
ent temperature elevations in these ecosystems. On the other
hand, it must be emphasized that geothermal soil warm-
ing is not entirely comparable to the warming resulting from
climate change (Sigurdsson et al. 2016). This is, however, a
common issue for many studies investigating the effects of
warming on soil systems. In terms of differences arising from
community profiling techniques, we utilized a high-resolution
analysis of molecular markers that allows detection of changes
in low taxonomic levels, unlike commonly used biochemical
approaches.
CONCLUSION
Our results show that, contrary to expectations, long-term ex-
posure did not intensify the effect of warming on microbial
community composition. We thus conclude that the effects of
warming on microbial community composition observed in
short-term experiments (with the duration of 5–7 years), in sub-
arctic grasslands, are not likely to underestimate effects over
larger time scales—in contrast, our results suggest a risk of over-
estimation. The significant influence of warming was observed
atmedium (+3◦C to+5◦C) and upper (>+7◦C) ranges of predicted
temperature increase in next 100 years (+2.2◦C to +8.3◦C), for
fungi and bacteria, respectively. Given that these effectsmay not
persist in the longer term, microbial community composition
in high-latitude ecosystems could be less sensitive to climate
warming than previously expected.
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